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Using ultrasonic backscatter from a specimen containing a cluster 
of cavities, the size of a single cavity in the cluster has been 
extracted. A time-domain response obtained by the extraction 
procedure compares favorably with the analytically calculated response 
for a single cavity. The procedure removes distortions of the 
measured response caused by the measuring system, by the specimen, and 
by other cavities in the cluster. This method should be useful for 
obtaining similar results from different types of flaw clusters in 
various types of materials . 
ANALYTICAL HODELING 
The analytical result of interest is the backscattered , far-
field , time-domain response of a single spherical cavity located in an 
unbounde d, linearly-elastic and isotropic medium , due t o a plane, 
longitudinally-pola rized displacement wave incident upon the cavity. 
Figure 1 shows the spherical cavity, the incident wave, u 1 , and t he 
scattered field, ~sc The radius of the cavity is equal-to "a". 
Figure 1 Spherica l cavity, incident field, scat tered field 
55 
1,0 -r-----------------------
o.a 
Figure 2 Magnitude spectrum of A;c;L 
Far from the cavity the scattered field may be expressed as : 
(1) , 
where 
(2) 
Here ~ is a unit vector in the direction of x, a - L or T depending on 
the polarization of the wave and k - lc?a3 refers to coordinate 
direction. General expressions for ~s ' may be found in Ref.[l). 
An exact solution for scattering of a harmonic, longitudinally-
polarized, plane wave by a spher ical obstacle in an elastic medium was 
obtained by Ref. [2] in 1956. Through Ref . [3] a program to calculate 
an asymptotic representation of the exact ~olution for a cavity was 
made available; the program determines A;c~~·~efined by Eq.(2). In 
the backscatteregLdirection, 8 - ~. only A3 ' is non-zero. The 
magnitude of A;c, as calculated by the program is shown in Fig . 2 for 
a range of the non-dimensional frequency, kLa (kL =wavenumber of L-
wave). 
To obta in the desired time - domain displacements from the output 
of the computer . £r ogram, a sequence of uniformly-spaced scattering 
amplitudes (A;c, ) was calculated and transformed into the time-
doma in using an inverse discrete Fourier transform (IDFT) . 
Theoretically such an inverse transform requires consideration of an 
infinite r ange of frequencies . However, since agreement between 
anal y tical and experimental results was desired, the same frequency 
r ange was used for both this inverse transform of the analytical 
r esul t and the digital signal processing to be described later. This 
common f r equency r ange was taken equa l to the bandwidth of t he 
measuring system used. More will be said about t his point in the 
following s ections; for now it suffices to state that the range used 
in the IDFT wa s from kLa = 1.02 to k~- 5.42 . Figure 3 shows a plot 
of the normal ized result from the IDFT as a function of non-
dimensiona l t ime , T = teL/a. 
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Three features should be noted from Fig. 3. First, Gibb's 
phenomenon, due to the band-pass filtering, is evident throughout the 
time history. Also of interest are the peaks occurring at r ~ 4.8 and 
r ~ 10.0. These two features may be explained using the ray theory of 
elastic wave propagation (1). Figure 4 indicates two rays, the direct 
ray and the creeping ray. The direct ray reaches the cavity and 
reflects immediately . The creeping ray travels an additional distance 
equal to the radius of the cavity and is then diffracted around half 
the circumference and finally back through a distance again equal to 
the radius of the cavity. Since the wave of interest is the 
longitudinal wave, which propagates with velocity, c1 , the difference 
between the time -of-arrival for the direct and creep~ng rays is given 
by: 
T 
c 
( 2+7!-) a 
cL 
(3) 
The creeping ray continuously radiates energy as it travels around the 
cavity, so it contains less energy upon returning in the backscattered 
direction. Associating the larger peak in Fig. 3 with the direct ray , 
the time difference between the two peaks confirms that the smaller 
peak is due to arrival of the creeping ray. 
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EXPERIMENTAL INVESTIGATION 
The ultrasonic system used was typical of most such immersion 
scanning systems. The components were : a transient recorder with a 
bandwidth from DC to 100 MHz, 8-bit dynamic range, and 200 MSPS 
digitizing rate ; a pulser-receiver with a bandwidth from lMHz to 
100 MHz; an immersion tank and scanning bridge; a scan controller; a 
micro - computer; and a nominal 5 MHz transducer with a bandwidth from 
4.1 to 5.6 MHz (all bandwidths at -3dB). 
Two-disc-shaped epoxy specimens were fabricated; one with no 
visible defects, one with many clusters of visible cavities. A sketch 
of the flawed specimen is shown in Fig . 5. The circled region 
indicated was selected for further study . The region was 
approximately 1.5 em in diameter and contained a cluster of five 
v isible cavities , each of different size, as shown in Table I. The 
coordinates and diameters indicated in Table I are visual estimates, 
and were not confirmed by destructive measurements. 
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Figure 5 Nea t epoxy specimen with clusters of caviti es 
Table I Estimated cavity diameters and locations 
Cavity Label Diameter, mm Local Coordinates, mm 
(x,y,z) 
A 0.1 (0 . 8,3.4,1.3) 
B 0 . 6 (1.6,4.2 , 2.1) 
c 0 . 8 (0.0,0.0,4.2) 
D 0 . 3 (0.5,3.8,5.5) 
E 0 . 4 ( -1.0 , 4 . 0,5 . 9) 
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Many normally incident pulse -echo waveforms were digitally 
recorded from each specimen. To maximize the signal-to-noise ratio, 
the received signals were amplified so that reflections from the 
cavities occupied the entire dynamic range of the transient recorder. 
This amplification caused signals reflected from the front and back 
surfaces to exceed the maximum voltage allowed by the transient 
recorder; hence these reflections appear clipped in Figs. 6-7. Figure 
6 is a typcial oscillograph taken from the unflawed specimen, Fig. 7 
is from the flawed specimen. All equipment settings were the same for 
both specimens. 
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Amplified pulse-echo oscillograph from unflawed specimen 
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DIGITAL SIGNAL PROCESSING 
If the distance from the transducer face to the specimen is large 
relative to the transducer diameter and wavelength, then the wave 
incident on the specimen and the scattered wave received by the 
transducer may be assumed to be plane waves. This assumption allows 
measurements from the usual experimental configuration to be modeled 
as single-input, single-output (SISO) measurements. For linear SISO 
systems, the output can be expressed as a convolution of the input 
with the impulse response of the system. Letting ~(w) represent the 
Fourier transform (FT) of the input created by the fransducer, ~(w) 
the FT of the impulse response of the water path, ~S(w) that from the 
water into the specimen, HSW(w) that from the specimen to the water, 
~(w) that of the material path in the specimen, and HT(w) that of the 
transducer as a receiver, the FT of a measurement on a specimen, Y(w) 
is given by 
(4) 
If a measurement is taken from a specimen with a single cavity inside, 
and He(w) represents the FT of the cavity impulse response, then 
(5) 
where the subscript "e" indicates measurement from a specimen with a 
cavity . Division of Eq . (S) by Eq.(4) yields 
Ye = HeY (6) 
If a cluster of non-interacting cavities is present, the signals 
received from separate cavities will be similar, but each may arrive 
at a different time, and with a different amplitude . For such a case 
with K cavities for example, the received signal is given by 
K 
YKe(t) - Ye(t) * L ~ 5(t-t.) (7) j - 1 j J 
where 5(t) is the standard Dirac delta, and * denotes convolution in 
time. Taking theFT of Eq.(7) gives 
K 
YC(w) L ~j e 
j=l 
-iwt. 
J (8) 
Or, letting D(w) represent the FT of the delta function series gives 
(9) 
Substituting Eq.(6) and adding noise to the model transforms Eq.(lO) 
into: 
(10) 
where N is the FT of the added noise. 
To extract He from Eq . (lO) , two deconvolution techniques may be 
combined. First a linear, least-square opti mum techniq~e (4): 
multiplying Eq .( lO) by the complex conjugate of Y(w) , Y (w) , and 
averaging over several repeated measurements gives 
* * * E[Y YKCl - HCDE(Y Y] + E(Y N] (11) 
where E[(•)] represents the averaging operation . Since the noise and 
the*measurement from the unflawed specimen are uncorrelated, 
E[Y N] - 0 . The linear de*onvolution is then completed with a 
divi sion of Eq.(ll) by E[Y Y] to yield 
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(12) 
The second deconvolution is a non-linear, homomorphic 
deconvolution (5). Common linear operations applied to Eq . (l2) to 
eliminate D(w) would be ineffective because they only work for signals 
which are additive in the frequency domain. The homomorphic procedure 
begins by taking the logarithm of Eq.(l2) and noting that the log of a 
product equals the sum of the logs. Next an inverse FT is applied 
which gives the complex cepstrum (6). If HC(w) is slowly varying in w 
and D(w) varies rapidly, the inverse FT will separate them in the 
cepstrum, and D(w) can then be filtered out using standard linear 
operations . A final transformation back into the time domain then 
produces the impulse response for a single cavity, hc(t) . 
Prior to carrying out the operations indicated by Eq.(l2), the 
clipped regions of each signal were discarded. This eliminated all 
reflections less than 1.4 mm from either surface. Hence the signals 
input to Eq.(l2) contained echoes from cavities Band C in Table I. 
Figure 8 shows Eq.(l2) applied to the data. Note that the 
spectral amplitudes above - 9 MHz are very small. This is because of 
the limited bandwi dth of the transducer used. Eventhough Eq.(l2) 
theoretically removes the effects of the transducer , results far 
outside the transducer bandwidth are dominated by noise and are 
unreliable. A similar argument holds for the low frequency range . 
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Figure 8 Linearly deconvolved f requency spectrum 
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One solution to eliminate the noise is to apply a bandpass filter to 
the spectrum in Fig . 8, but then homomorphic deconvolution cannot be 
done since the log of zero is undefined. Fortunately Ref. [7) 
developed a technique to homorphically process bandpass signals. 
Application of bandpass homomorphic procedures to the spectrum in Fig. 
8 was carried out using a pass band from 1.6 to 8.6 MHz. The 
normalized impulse response of a single cavity obtained by this method 
is shown in Fig. 9. 
An experienced operator would very likely be able to identify the 
signal in Fig. 9 as being similar to the analytical result in Fig. 3. 
Comparison of these figures shows that details of the analytical 
result are better defined--indicating higher frequencies contribute 
more to the analytical result than to the experimental. It is 
hypothesized that attenuation of higher frequencies in the experiments 
is due to surface roughness of the cavities, non-spherical cavity 
shape, and variation of material properties near cavities. 
Nontheless, using the time indicated in Fig. 9 as ~C and the measured 
value of cT. in Eq.(3) gave a- 0.4 mm, which compares favorably with 
the estimaEed radius of cavity C from Table I. 
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